Human replication protein A (RPA) becomes phosphorylated on the RPA2 subunit by cyclin B-Cdc2 during mitosis, although the functional role of this modification is unclear. We find that this modification stimulates RPA2 to become hyperphosphorylated in response to mitotic DNA damage caused by bleomycin treatment. Cells in which endogenous RPA2 was replaced by a mutant subunit lacking both Cdc2 sites had a significant defect in mitotic release into a 2N G1 phase after exposure to bleomycin. An increased percentage of these mutant cells also was positive initially for cyclin B expression and BubR1 chromatin staining, indicative of an extended spindle assembly checkpoint. The mutant cells that experienced mitotic DNA damage also underwent apoptosis at higher levels than cells expressing the WT subunit. Even so, we did not find the mutation had any dramatic effects on the level of DNA repair in mitosis. Cells lacking ATM (a checkpoint factor and RPA2 kinase) also were severely defective in mitotic exit and were unable to support RPA hyperphosphorylation after mitotic DNA damage. Although checkpoint 1 effector kinase (Chk1) had a more complex role, inhibition of Chk1 activity with UCN-01 also reduced mitotic exit. Chk1 activation and mitotic RPA hyperphosphorylation were found to be independent events. Our results demonstrate that mitotic RPA hyperphosphorylation facilitates release of cells from a damaged mitosis into a 2N G1 phase, thereby increasing cell viability.
Human replication protein A (RPA) becomes phosphorylated on the RPA2 subunit by cyclin B-Cdc2 during mitosis, although the functional role of this modification is unclear. We find that this modification stimulates RPA2 to become hyperphosphorylated in response to mitotic DNA damage caused by bleomycin treatment. Cells in which endogenous RPA2 was replaced by a mutant subunit lacking both Cdc2 sites had a significant defect in mitotic release into a 2N G1 phase after exposure to bleomycin. An increased percentage of these mutant cells also was positive initially for cyclin B expression and BubR1 chromatin staining, indicative of an extended spindle assembly checkpoint. The mutant cells that experienced mitotic DNA damage also underwent apoptosis at higher levels than cells expressing the WT subunit. Even so, we did not find the mutation had any dramatic effects on the level of DNA repair in mitosis. Cells lacking ATM (a checkpoint factor and RPA2 kinase) also were severely defective in mitotic exit and were unable to support RPA hyperphosphorylation after mitotic DNA damage. Although checkpoint 1 effector kinase (Chk1) had a more complex role, inhibition of Chk1 activity with UCN-01 also reduced mitotic exit. Chk1 activation and mitotic RPA hyperphosphorylation were found to be independent events. Our results demonstrate that mitotic RPA hyperphosphorylation facilitates release of cells from a damaged mitosis into a 2N G1 phase, thereby increasing cell viability.
checkpoint ͉ mitosis ͉ replication protein A ͉ ATM ͉ Chk1 D NA damage occurring during mitosis represents a daunting challenge to the integrity of the mammalian genome. Condensation of chromosomal DNA in preparation for cytokinesis constrains the activity of DNA repair reactions. Nevertheless, double-strand DNA breaks (DSBs) induced by exposure of prometaphase cells to ionizing radiation or topoisomerase II inhibitors cause a delay in mitotic exit (1, 2) . The nature of this delay and its causes are only poorly understood.
An essential DNA replication factor that is involved intimately in the signaling and repair of DNA damage is replication protein A (RPA), a heterotrimeric single-stranded DNA-binding complex with subunits in human cells of 70 kDa (RPA1), 30 kDa (RPA2), and 14 kDa (RPA3) (3, 4) . RPA acts during DNA replication stress conditions to recruit and activate the checkpoint kinase ATR (5, 6) . The N terminus of the human RPA2 subunit also is a target of ATR and other members of the phosphatidylinositol 3-kinase-like kinase family (PIKKs; e.g., ATM and DNA-PK) and cyclin-Cdk complexes ( Fig. 1A; e.g., refs. [7] [8] [9] [10] [11] [12] [13] [14] . RPA2 phosphorylation follows a preferred pathway so that initial modification by a kinase (e.g., cyclin A-Cdk2) stimulates the subsequent modification by another kinase (e.g., DNA-PK) (14) . Recent cell-based studies have shown that human RPA activity in DNA replication and repair is regulated by changes in the pattern of RPA phosphorylation. For example, human cells in which endogenous RPA2 has been replaced with a RPA2 variant mutated at the two RPA2 cyclin-Cdk sites (S23A/ S29A-RPA2) are defective in the repair of DSBs occurring during interphase (14) .
It has been found previously that RPA also undergoes constitutive modification of the two cyclin-Cdk sites during mitosis (15) , suggesting a possible role of RPA phosphorylation in this cell-cycle phase. Examining mitotic RPA2 phosphorylation by cyclin B-Cdc2, we found this modification primes RPA2 to undergo additional phosphorylation events in response to genotoxic stress. The hyperphosphorylated RPA2 stimulates the release of damaged mitotic cells into G 1 with normal 2N DNA content and increases cell viability.
Results

Mitotic Phosphorylation Primes RPA for Subsequent Modification.
Although mitotic RPA2 is phosphorylated by cyclin B-Cdk1 on S23 and S29 (14) (15) (16) , it was unclear whether this RPA species also undergoes additional phosphorylation events in response to mitotic DNA damage. To test this, U2-OS cells were arrested in prometaphase with nocodazole, leading to formation of the mitotic RPA2 species (Fig. 1B, lane 2) . Treatment of these mitotic cells with bleomycin (Ble) to cause DSBs (17) led to additional RPA2 modification at the S4/S8 and T21 residues (lane 3). S33 was not detectably modified, in contrast to observed formation of pS33 in S and G 2 cells after Ble treatment (14) . The additional phosphorylation events cause a significant percentage of the RPA2 pool to migrate at the hyperphosphorylated position. RPA2 therefore can become hyperphosphorylated in response to mitotic DNA damage.
We investigated whether the mitotic conditions sensitize RPA to become hyperphosphorylated in response to DNA damage. Nocodazole-arrested cells were treated with Ble for 1 h, and the RPA2 phosphorylation pattern then was assayed either immediately or 6 h after the medium was replaced with medium lacking nocodazole and Ble. As found previously, Ble treatment led to RPA2 hyperphosphorylation (Fig. 1C, lane 2) . On release from the mitotic block, RPA2 from nondamaged cells reverted to a basal hypophosphorylated species (lane 3), but, even while losing the mitotic RPA2 form (lane 4), cells that were damaged in mitosis had a significant increase in the amount of hyperphosphorylated RPA2. This hyperphosphorylation was detected for at least 8 h after nocodazole release and disappeared thereafter [supporting information (SI) Fig. S1 A] . In mitotic cells, most of the hyperphosphorylated RPA2 was negative for chromatin association ( Fig. S1 B and C) . After release from the nocodazole block (4 h), significant pS4pS8-RPA2 chromatin association was seen by immunofluorescence microscopy (Fig. S1C) . RPA2 also was found in the insoluble cellular fraction by Western blot analysis (data not shown) but diminished thereafter. These data indicate that RPA has only limited effects on DNA repair in mitotic cells but plays a more significant role after mitotic release. In contrast to mitotic cells, Ble treatment of G 1 cells caused no significant RPA2 hyperphosphorylation immediately after treatment (Fig. 1C, lane 6 ). Even at later times (4 h) after treatment, only a weak RPA2 hyperphosphorylation signal was seen (lane 8), and this signal was significantly less than that seen in mitotic cells treated with Ble (lane 9). These data indicate that mitotic cells are better able to induce RPA2 hyperphosphorylation in response to Ble treatment than are cells in G 1 .
We previously observed that phosphorylation of the two Cdk sites on RPA2 facilitated subsequent modification of S4, S8, and T21 by DNA-PK or a DNA-PK-dependent kinase in interphase cells (14) . We therefore tested whether the formation of pS23/pS29 stimulated the RPA2 hyperphosphorylation seen after mitotic DNA damage. To achieve this, we used our RPA2 replacement strategy using U2-OS clones stably transfected with an inducible copy of control or mutant RPA2 (Fig. 1D) (14) . Expression of ectopic RPA2 is coupled with knockdown of the endogenous RPA2 by the use of an siRNA specific to the endogenous message. As seen in our previous studies (14, 18) , expression of the ectopic RPA2 is similar to that of the nonsilenced endogenous subunit (Fig. S2 A) . Tests of mitotic cells expressing an S23A/S29A-RPA2 mutant revealed that the mutant was almost completely defective in undergoing hyperphosphorylation in response to Ble treatment (Fig. 1E, lane 2) . In contrast, a T21A/S33A-RPA2 variant mutated at both PIKK sites showed significant RPA2 hyperphosphorylation (lane 4). These data indicate that phosphorylation of the 2 Cdk sites stimulates additional phosphorylation events after mitotic DNA damage. Mutation of the two PIKK sites has a lesser effect, presumably because S33 is not targeted for modification in mitotic cells.
Mitotic RPA2 Phosphorylation Stimulates Release of Damaged Cells
into a 2N G1 Phase. We examined the effects of mitotic DNA damage on cell-cycle progression in the parental U2-OS cell line. After mitotic Ble treatment, cells were released into medium lacking both Ble and nocodazole for various periods of time, and the DNA content profile was determined by FACS (Fig. S2B) . Although Ϸ80% of nondamaged cells entered a 2N G 1 phase at 6 h after release, this percentage was reduced to 32% after mitotic damage. The percentage of cells that became positive for bromodeoxyuridine incorporation 20 h after release also decreased after mitotic damage (i.e., Ϸ15% of damaged cells compared with Ϸ25% of nondamaged cells; Table S1 ), although the average levels of bromodeoxyuridine incorporation in these positive cells were similar (data not shown). Testing the mitotic marker mitotic protein monoclonal 2 (MPM2), we observed that Ϸ5% of the damaged cells remained in mitosis at 3 h, but this percentage returned to control levels at 6 h (Table S2) . Collectively, these data indicate that mitotic DNA damage causes a delay in mitotic exit. At later times, a significant percentage of cells underwent a failed cytokinesis and left mitosis with a 4N DNA content, a phenomenon seen by others (19) . Our FACS analysis did not reveal significant levels of cells with increased ploidy at these later times (e.g., 8N; data not shown), indicating that the postmitotic 4N cells do not subsequently enter S phase.
We examined the functional consequences of mitotic RPA2 phosphorylation on the mitotic response to DNA damage. Mitotic U2-OS cells in which endogenous RPA was replaced with WT-or S23A/S29A-RPA2 were treated with Ble and released into medium lacking both Ble and nocodazole. The DNA content then was determined by FACS. Six hours after release, Ϸ57% of Ble-treated cells replaced with WT-RPA2 retained a 4N DNA content when damaged in mitosis, compared with 22% of WT-RPA2 cells not treated with Ble ( Fig. 2A) . Such data are consistent with reports by others that mitotic damage slows mitotic exit (20) . After DNA damage, a greater percentage (77%) of cells replaced with S23A/S29A-RPA2 than with WT-RPA2 cells retained a 4N DNA content. Even 20 h after release, the Ble-treated mutant cells showed a similar higher fraction of 4N cells (72% vs. 46%, respectively; Fig. S3A ). Thus, cells expressing an RPA2 phosphorylation mutant show a defective release into a 2N G 1 phase after mitotic DNA damage.
Cells examined after release from a Ble-treated mitosis invariably had unusual mitotic figures (Fig. 2B ). Rather than a symmetrical pattern of mitotic spindles and an orderly alignment of chromosomes along the equatorial plate, as seen in nondamaged cells (Fig. 2Bi) , Ble-treated cells often had asymmetric spindles ( Fig. 2Biii-v) . Such cells also showed a broad orientation of chromosomes on the metaphase plate ( Fig. 2Bii) or had a globular characteristic to the DNA without observable chromosomal structure ( 1) or from nocodazole-arrested cells isolated by mitotic shake-off and then were mock treated (lane 2) or were treated with Ble (2 g/ml) for 1 h (lane 3). (C) Nocodazole-arrested cells, either treated with Ble (2 g/ml) for 1 h or not treated, were released into medium lacking both agents and were collected 6 h after release. To examine G 1 cells, mitotic cells were released from the nocodazole block and 3 h after release were treated with Ble (2 g/ml) for 1 h or were mock treated. Cells were collected immediately (0 h) or 4 h after the medium was replaced with medium lacking Ble. (D) Schematic indicating steps involved in cellular RPA2 replacement. ϪDox ϭ removal of doxycycline causing the induction of ectopic RPA2 expression. (E) Endogenous RPA2 was silenced in U2-OS cells replacing S23A/S29A-, T21A/S33A-, or WT-RPA2. After silencing (48 h), cells were treated with nocodazole for 12 h. The mitotic cells were collected by shake-off and were treated with Ble (2 g/ml) for 1 h, followed by collection of cells. For all samples, lysates were prepared from the collected cells and analyzed by Western blotting using the indicated antibodies. The RPA2 species are indicated as follows: B, basal; H, hyperphosphorylated; M, mitotic.
positive for the mitotic marker MPM2 (Fig. S3C) . The abnormal mitotic figures were seen in Ble-treated cells regardless of the RPA2 variant expressed. Although a larger percentage of cells replaced with S23A/S29A-RPA2 showed spindle defects (data not shown), this presumably reflects the greater percentage of mutant cells that are stalled in mitosis after DNA damage.
It is possible that the loss of mitotic RPA phosphorylation inhibits release of cells from the spindle assembly checkpoint under conditions of mitotic DNA damage. Such a mechanism leads to the prediction that mutant cells would have increased staining of the mitotic marker MPM2 and the spindle assembly checkpoint factor BubR1. To test, we found that, in the absence of Ble treatment, only a small percentage of cells showed MPM2 staining 3 h after release (Fig. 2C) . Although the percentage of MPM2-positive cells expressing WT-RPA2 increased to 3.7% after Ble treatment, nearly one-fifth (19.5%) of cells replaced with S23A/S29A-RPA2 were MPM2 positive ( Fig. 2 C and D) . At later times, the percentage of MPM2-positive cells decreased (data not shown) even though the 4N fraction remained elevated (see Fig. S3A ), again indicating that cells eventually decay from the mitotic block and enter a tetraploid state. Nearly all MPM2-positive cells also were positive for cyclin B staining (Fig. S4A Upper) . However, we did observe cells that appeared to have entered interphase with a G 2 -like state and showed a flat nuclear morphology (e.g., see ref. 19 ). These cells were positive for cyclin B and negative for MPM2 staining (Fig. S4A  Lower) . When the RPA2 variants were tested in HCT116 cells, the percentage of of cyclin B-positive cells expressing S23A/S29A-RPA2 was larger than the percentage expressing WT-RPA2 (Fig.  S4 B and C) , indicating that the effects of the RPA2 mutant also occur in a different cell line.
Examining BubR1 in Ble-treated cells, we saw that the fraction of cells showing BubR1 chromatin staining was significantly higher in cells expressing the mutant RPA2 than in those expressing WT-RPA2 (Fig. 2E) . In the absence of Ble treatment, the number of cells expressing either WT-or S23A/S29A-RPA2 and showing BubR1 staining was insignificant (data not shown). In sum, these data suggest that the cells expressing mutant RPA2 are defective in release from a DNA damage-dependent spindle assembly checkpoint, causing these cells to be maintained in mitosis.
The effect of RPA phosphorylation on cellular apoptosis after mitotic DNA damage was examined. Mitotic U2-OS cells replaced with WT-or S23A/S29A-RPA2 were treated with Ble and then released from the nocodazole block in the absence of Ble. In the absence of Ble treatment, similar levels of TUNEL-positive cells Cells were silenced for endogenous RPA2 and ectopic RPA2 was induced. After silencing (48 h), cells were treated with nocodazole for 12 h and were mock treated or treated with Ble (2 g/ml for 1 h). Then the medium was replaced with medium lacking nocodazole and Ble for 3 h. Cells then were stained and imaged for MPM2 (green) and DAPI (blue) and were quantitated. (E) Mitotic cells expressing ectopic RPA2 and silenced for endogenous RPA2 were mock treated or treated with Ble (2 g/ml for 1 h) and, 3 h after release from nocodazole and Ble, were stained for BubR1 (red) and DAPI (blue). (F) Asynchronous U2-OS clones were mock treated or treated with Ble (30 g/ml Ble for 2.5 h); then the medium was replaced with fresh medium. Cells then were analyzed for apoptosis by a TUNEL assay 20 h after release. Mitotically arrested cells were treated with 10 g/ml Ble for 1 h and then were similarly treated. An identical treatment was used for HCT116 clones, except that cells were scored 8 h after release.
were observed, regardless of the RPA2 variant expressed (Fig. 2F) . In contrast, although mitotic Ble treatment caused an Ϸ3.5-fold increase in WT-RPA2 cells undergoing apoptosis, cells replaced with the S23A/S29A-RPA2 mutant showed a nearly 8-fold increase in apoptosis figures. A similar difference was observed when HCT116 clones were tested (Fig. 2F) . Apoptosis in the mitotic mutant cells treated with Ble also was Ϸ8-fold higher than in treated asynchronous mutant cells, even though the mitotic cells were exposed to 3-fold less drug (Fig. 2F) . Along with being defective in G 1 entry, cells expressing the S23A/S29A-RPA2 mutant had increased levels of apoptosis after mitotic DNA damage.
Mitotic RPA Phosphorylation Has Minor Effects on DNA Repair. It has been observed that interphase RPA phosphorylation stimulates chromosomal DNA repair (14) . We therefore investigated whether the increased apoptosis and reduced entry to a 2N G 1 phase in cells expressing the mutant RPA2 was a result of defective association of DNA repair proteins with DNA. Immediately after Ble treatment in mitotic cells, we noted a selective increase in the amount of insoluble RPA2 (i.e., chromatin-bound RPA; ref. 21) in cells replaced with S23A/S29A-RPA2 (Fig. 3A) . (Note also the lack of detectable mitotic RPA2 phosphorylation, again attesting to the efficiency of RPA2 replacement.) Under these conditions, however, the RPA2 mutation did not have a significant effect on the amount of chromatin-bound Ku80 (a component of the nonhomologous end-joining pathway) (Fig. 3A) , and no Rad51 binding was detected for either RPA2 variant regardless of Ble treatment (data not shown). As an indicator of the amounts of DNA damage and DNA repair, we assayed ␥H2AX levels. At the initial time point (0 h), we observed only a slight (1.3-fold) increase in ␥H2AX levels in Ble-treated cells replaced with S23A/S29A-RPA2 compared with WT-RPA2 (Fig. 3A) .
Eight hours after Ble treatment, the most significant effect was an increase in the level of Rad51 chromatin binding in cells expressing WT-RPA2 (Fig. 3B ). Cells replaced with the mutant RPA2 had comparatively weaker Rad51 chromatin staining that was only slightly higher than seen in nondamaged cells. This increased Rad51 staining in cells replaced with WT-RPA2 occurs in interphase, because at this time point, nearly all cells have exited mitosis (Table S2 and data not shown). The modest increase in ␥H2AX levels in the mutant cells was maintained through the two later time points (Fig. 3C) . Combined, our data show only small differences in ␥H2AX levels and Ku80 chromatin binding in damaged mitotic cells expressing either WT-or S23A/S29A-RPA2. Significant effects of the RPA2 mutation on DNA repair are seen only after cells re-enter interphase. We therefore argue that increased G 1 entry of WT-RPA2 cells after mitotic DNA damage is unlikely to result solely from greater DNA repair.
Role of Checkpoint Kinases in the Response to Mitotic DNA Damage.
ATM is a key sensor of DSBs (22) and therefore probably is a factor mediating the response to mitotic DNA damage. We examined the response of mitotic cells lacking the ATM kinase (AT cells) to Ble treatment. Similar to the effect seen in U2-OS cells, entry into G 1 was lower for Ble-treated mitotic control cells (i.e., cells expressing ATM) than for untreated cells (4N/2N ϭ 2.5 and 0.4, respectively) (Fig. 4A) . Surprisingly, compared with untreated WT cells, G 1 entry was reduced significantly for mitotic AT cells that were not exposed to Ble (4N/2N ϭ 2.3) . We take these results to indicate that the compromised G 2 /M checkpoint (23) allows AT cells with endogenous DNA damage to enter mitosis, which then causes a partial mitotic arrest. After Ble treatment, only a small fraction of AT cells entered G 1 (5%; 4N/2N ϭ 15) . When the influence of ATM on mitotic RPA2 hyperphosphorylation in response to DNA damage was examined, AT cells were seen to have no apparent RPA2 migrating at the hyperphosphorylated position (Fig. 4B) . This result is consistent with the defective RPA2 phosphorylation in interphase AT cells seen by others (8) . Note that the partial reduction of mitotic phosphorylation (e.g., lane 4) probably results from a minor loss of phosphate during extract preparation that we occasionally observe. Overall, AT cells have a reduced ability to exit mitosis. The action of ATM can be explained, at least in part, by its ability to support RPA2 hyperphosphorylation in response to mitotic DNA damage.
Previous studies by others have found differing roles for checkpoint 1 effector kinase (Chk1) in the regulation of mitotic progression. Down-regulation of mammalian Chk1 by siRNA caused an increased release into G 1 following mitotic DNA damage, indicating that Chk1 normally prevents cytokinesis in a damaged mitosis (24) . In contrast, functional null mutations in the Drosophila grp Fig. 3 . DNA damage and repair factors following mitotic DNA damage. (A) Mitotic cells expressing WT-or S23A/S29A-RPA2 were mock treated or treated with Ble (2 g/ml for 1 h) in the presence of nocodazole, followed by extraction of the soluble fraction with CSK buffer containing 0.5% Triton X-100. The insoluble and total fractions then were subjected to Western blot analysis using indicated antibodies. (B) Mitotic cells, as described in A, were released from nocodazole and Ble treatment and were fixed 8 h after release. Cells were then analyzed for Rad51 chromatin association by immunofluorescence microscopy. (C) Mitotic cells as described in A were released into fresh media lacking nocodazole and Ble for either 8 or 20 h and then were isolated. Samples were analyzed for ␥H2AX levels by Western blot.
gene (i.e., the Chk1 homolog) caused defects both in chromosome congression at metaphase and segregation at anaphase, leading to a failure in cytokinesis (25) , suggesting that Chk1 stimulates mitotic exit. Generally similar results were found in Chk1-deficient chicken and human cells, tying Chk1 to the spindle assembly checkpoint (26) . We therefore examined whether Chk1 also plays a role in the mitotic arrest seen after Ble treatment. Down-modulation of Chk1 by siRNA caused a small but reproducible increase in the 2N G 1 population (Fig. S5 A and B) , consistent with the results of Huang, et al. (24) . Surprisingly, use of the Chk1 inhibitor 7-hydroxystaurosporine (UCN-01) shows a more complex role for Chk1 in the response to mitotic DNA damage. Mitotic U2-OS cells were treated with Ble in the presence or absence of UCN-01. In the absence of Ble, UCN-01 had no apparent effect on mitotic release into G 1 (Fig. 4C) . Surprisingly, although Ble treatment led to a loss of cells entering G 1 (4N/2N ϭ 1.8) , incubation of cells with UCN-01 led to a further reduction in G 1 entry (4N/2N ϭ 5.0). These data indicate that Chk1 activity is important for cells to exit mitosis into a 2N G 1 phase after mitotic DNA damage.
Because the inhibition of Chk1 by UCN-01 and the mutation of RPA2 cyclin-Cdk sites yield similar effects in response to mitotic DNA damage, we examined whether the two pathways are directly linked. At either of the two Ble concentrations tested, no effect of UCN-01 on RPA phosphorylation was seen (Fig. 4D) . Similar levels of activated Chk1 (i.e., Chk1 phosphorylated on S317) were observed in cells replaced with either WT-or S23A/S29A-RPA2 following Ble treatment (Fig. 4E) . These data indicate that the effects of RPA2 hyperphosphorylation and Chk1 activation on mitotic release are separable and involve distinct pathways.
Discussion
DNA damage in a mitotic cell reduces the ability of cells to exit mitosis properly and to enter G 1 with a 2N DNA content. Recent study of this process indicates an interplay between the DNA damage and spindle assembly checkpoints, with damage causing a fraction of mitotic cells to exit mitosis into a G 2 -like phase with 4N DNA content and cyclin B expression (19) . Our study has shown that mitotic RPA hyperphosphorylation has a role both in stimulating cellular exit from a damaged mitosis into a normal 2N state G 1 phase and in decreasing cell death from DNA damagedependent apoptosis. G 1 entry after mitotic DNA damage also is stimulated by ATM and by Chk1 activity, the latter acting in a pathway distinct from that involving RPA hyperphosphorylation.
Expression of the S23A/S29A-RPA2 mutant had robust effects on mitotic exit in response to mitotic DNA damage. We propose that mitotic phosphorylation at S23 and S29 primes RPA2 to undergo additional phosphorylation events in response to such damage. We and others previously demonstrated that RPA2 modification at particular sites stimulates the subsequent modification of other sites on the same RPA2 molecule (8, 9, 14) . Hyperphosphorylated RPA2 therefore would be the active entity in regulating mitotic exit in response to DNA damage.
Although RPA phosphorylation stimulates DNA repair in interphase cells (14) , the loss of mitotic phosphorylation results in only a slight increase in ␥H2AX levels. That RPA lacks a significant role in mitotic DNA repair is suggested also by the low levels of chromatin-associated RPA in mitotic cells following DNA damage. Our data suggest instead that the mitotic RPA2 hyperphosphorylation provides a signal that stimulates release of cells from a mitotic arrest caused by DNA damage. Upon the generation of this signal, the spindle assembly checkpoint can be relieved to allow mitotic exit into a 2N G 1 phase and RPA-mediated DNA repair. In the absence of the hyperphosphorylation signal, the spindle assembly checkpoint is maintained, causing a larger fraction of cells to be arrested in mitosis. These cells eventually can decay into a 4N state but, because we do not observe further increases in ploidy, do not proceed subsequently into S phase. Because of the abnormal tetraploid state or because of reduced DNA repair after mitotic exit, cells expressing the mutant S23A/S29A-RPA2 mutant are prone to cell death through apoptosis.
Mikhailov, et al. observed that DNA damage caused defects in kinetochore attachment that activated the spindle assembly checkpoint, although in an ATM-independent manner (20) . Because we observe that cells expressing WT-RPA2 have a reduced number of cells with BubR1 associated with chromosomal structures, it is Nocodazole-arrested U2-OS cells were mock treated or treated with Ble (0.05 g/ml for 1 h) in the presence or absence of 300 nM UCN-01. Cells then were released into medium lacking Ble but containing UCN-01 for 3 h and were analyzed by FACS for DNA content. (D) Samples prepared as described in C were treated with either 0.05 or 0.1 g/ml Ble and were analyzed for RPA2 (and RPA2 hyperphosphorylation) by Western blot. (E) Cells replaced for WT-or S23A/S29A-RPA2 were mock treated or treated with Ble (10 g/ml for 1 h). Lysates were prepared and analyzed for total Chk1 and pS317-Chk1 by Western blot. Similar results were observed using 2 g/ml Ble (data not shown). B, basal (nonphosphorylated); H, hyperphosphorylated; M, mitotic.
possible that RPA phosphorylation either facilitates kinetochore attachment under damage conditions or, instead, reduces the sensitivity of spindle assembly checkpoint factors for kinetochore alterations.
The strong inhibitory effects of ATM mutation and Chk1 inactivation on mitotic exit to G 1 further demonstrate a role for the DNA damage checkpoint machinery during mitosis. As suggested by others (24, 25) we found both positive and negative roles for the Chk1 kinase in response to mitotic DNA damage. That is, a reduction of Chk1 protein levels by siRNA increases exit from a damaged mitosis into a 2N G 1 phase. In contrast, use of a Chk1 inhibitor (UCN-01) resulted in a severe reduction in the fraction of cells able to exit from a damaged mitosis. The simplest interpretation of these data is that the presence of the Chk1 protein, but not its activity, is necessary to inhibit mitotic exit in response to DNA damage (i.e., because UCN-01 reduces mitotic release). However, to facilitate mitotic exit, Chk1 activity is required. Recent work by Zachos et al. (26) led the authors to predict that Chk1 acts directly at kinetochores to sense tension, potentially explaining a need for the Chk1 protein. Once the spindle assembly checkpoint is activated, Chk1 activity may be required to down-regulate this mitotic checkpoint, allowing repair of DNA lesions in G 1 .
Materials and Methods
Cell Culture. U2-OS and HCT116 cell lines were cultured in McCoy's medium containing 10% FBS. RPA2 mutagenesis, replacement, and silencing were performed as described by Anantha et al. (14) . To silence Chk1, the siGenome SMARTpool (Dharmacon) specific to human Chk1 was used. The AllStars Negative Control siRNA (Qiagen) was used for the negative control. Human fibroblast cell lines positive (GM637) or null (GM5849) for ATM (Coriel Institute) were cultured in McCoy's medium containing 15% FBS. For synchronization experiments, cells were arrested in prometaphase by treatment with 100 ng/ml nocodazole (Sigma) for 12 h, and the mitotic cells were isolated by shake-off. Cells were mock treated or treated with Ble (Calbiochem) in the continued presence of nocodazole. Cells then were washed in PBS and released into medium devoid of nocodazole and Ble.
Immunoblotting and Antibodies. The insoluble (i.e., chromatin-bound) fraction was obtained by washing cells with cytoskeletal (CSK) buffer (14) , followed by treatment of cells with CSK buffer containing 0.5% (vol/vol) Triton X-100 for 5 min on ice. Cells then were centrifuged at 400 ϫ g in a benchtop centrifuge at 4°C for 5 min to separate the soluble and insoluble fractions. The insoluble pellet was washed once with CSK buffer devoid of Triton X-100. The antibodies used in this study were against ␥H2AX (Upstate Biotechnology), Ku (p80) (Ab-7; NeoMarkers), Chk1 (Santa Cruz Biotechnology), general RPA2 (NeoMarkers), pT21 (Abcam), and pChk1, pS4/pS8-, pS33-, and pS29-RPA2 antibodies (Bethyl Laboratories). The pS29-RPA2 antibody was custom-synthesized as described in Anantha et al. (14) . Western blot analysis was performed as indicated in Anantha et al. (14) .
Immunofluorescence Microscopy. For visualization of BubR1, cells were fixed with methanol and acetone (1:1) for 10 min on ice and then were stained with an anti-BubR1 antibody (BD Transduction Laboratories). For detection of chromatinbound RPA, cells first were extracted with CSK buffer with 0.5% (vol/vol) Triton X-100 for 5 min on ice, then washed with CSK buffer lacking Triton X-100, and fixed with 4% (wt/vol) paraformaldehyde for 20 min. For detection of Rad51, paraformaldehyde-fixed cells were permeabilized by incubation in 10 mM Tris⅐HCl, pH 7.4, 150 mM NaCl, 1% (wt/vol) BSA, and 0.2% (vol/vol) Triton X-100 (TNB-T) for 30 min and then blocked in TNB (TNB-T without Triton X-100) for 30 min at room temperature. Cells then were stained with the anti-Rad51 antibody (Ab-1, Oncogene Research) in TNB. For detection of cyclin B and MPM2, cells first were fixed with 4% (wt/vol) paraformaldehyde followed by extraction with 0.5% (vol/vol) Triton X-100 in PBS. Cells then were stained with antibodies against cyclin B (a gift from M. Pagano, New York University School of Medicine, New York), MPM2 (Upstate Biotechnology), or ␣-tubulin (Sigma). Images were captured by epifluorescence microscopy, and the fraction of cyclin B or MPM2-positive cells was quantitated.
Flow Cytometry. FACS analysis for DNA content was performed as described by Anantha et al. (14) . FACS was performed on a Becton Dickinson flow cytometer using the Cell Quest software. Cell cycle analysis was performed using the Mod-Fit software.
Quantification of Apoptosis. Apoptotic cells were measured by a TUNEL assay, using the In Situ Cell Death Detection Kit (Roche Diagnostics) following the manufacturer's instructions.
